), they identified cases of ischemic stroke (n ¼ 1,247) from both hospital and out-of-hospital sources. Census tracts served as proxies for neighborhoods, and neighborhood socioeconomic status scores were constructed from census variables (higher scores represented less disadvantage). In Poisson regression analyses comparing the 90th percentile of neighborhood score with the 10th, the relative risk of stroke was 0.49 (95% confidence interval (CI): 0.41, 0.58). After adjustment for age, gender, and ethnicity, this association was attenuated (relative risk (RR) ¼ 0.79, 95% CI: 0.63, 1.00). There was no ethnic difference in the association of score with stroke (p for interaction ¼ 0.79). Significant effect modification was found for age (p for interaction < 0.001) and gender (p for interaction ¼ 0.04), with increasing scores being protective against stroke in men and younger persons. Associations were attenuated after adjustment for education (men: RR ¼ 0.77, 95% CI: 0.55, 1.07; persons aged <65 years: RR ¼ 0.65, 95% CI: 0.41, 1.02). Neighborhood characteristics may influence stroke risk in certain gender and age groups. Mechanisms for these associations should be examined.
Socioeconomic status (SES) is a risk factor for ischemic stroke, with a population attributable risk similar to that of hypertension (1, 2). Aside from individual-level measures of SES, such as income and education, there is growing interest in how neighborhoods or characteristics of neighborhoods affect health and health outcomes (3) (4) (5) . Arealevel indicators may provide information about living conditions potentially related to stroke risk that are not captured by individual-level variables, such as access to health care, healthy foods, and safe places to walk, social norms affecting health habits such as smoking or drinking, and area-based sources of psychosocial stress.
Low SES measured at the area level has been found to be associated with the onset of stroke in New Zealand (6) , Sweden (7) , and Australia (8) and with the prevalence of stroke risk factors, stroke severity, and recurrent vascular events in the United Kingdom (9) . Little is known about the influence of residential environment on stroke risk or outcome in the United States (2) . Neighborhood characteristics have been investigated for their role in cardiovascular disease in the United States. Residing in socioeconomically disadvantaged neighborhoods has been associated with coronary heart disease incidence (10) and prevalence (11, 12) , the prevalence of subclinical cardiovascular disease (13) , and cardiovascular disease mortality (14, 15) .
In the United States, ethnic minority groups, including Hispanic Americans, tend to live in more disadvantaged areas (16, 17) and experience a higher risk of ischemic stroke (18, 19) . It is plausible that in addition to differences in risk factor profiles and individual-level SES, environmental conditions contribute to the ethnic disparity in stroke. Knowledge of neighborhood factors which may contribute to stroke risk could shed light on potential interventional strategies aimed at implementing environmental changes to prevent stroke and reduce ethnic disparities. Using data from a population-based stroke surveillance study carried out in a biethnic community, we investigated whether arealevel SES is related to risk of ischemic stroke. Prior work has suggested that neighborhood health effects may differ by demographic characteristics (14, 15) . Therefore, we also examined whether associations of neighborhood characteristics with stroke differed by ethnicity, age, and gender.
MATERIALS AND METHODS
The methods used in the Brain Attack Surveillance in Corpus Christi (BASIC) Project have been previously reported (19, 20) . Briefly, a combination of active and passive surveillance was used to capture cerebrovascular cases (ischemic stroke, intracerebral hemorrhage, and subarachnoid hemorrhage) among residents of Nueces County, Texas, older than 44 years of age between January 2000 and June 2003. Nueces County is a biethnic community (56 percent Mexican American, 38 percent non-Hispanic White) with a population of 313,645 (21) . Over 95 percent of the population resides within the city of Corpus Christi, an urban area. Nueces County is over 150 miles (240 km) from San Antonio and Houston and serves as the regional referral area for the surrounding counties, which are sparsely populated. This distance affords complete case capture of initial medical contacts for acute stroke. Nueces County is not an immigrant community. The majority of Mexican Americans there are second-and third-generation US citizens.
Trained abstractors screened all cases identified from emergency department and inpatient sources (n ¼ 7 hospitals) in the county by manually searching emergency room visit and admission logs for a set of previously validated screening diagnostic terms. The abstractors routinely canvassed intensive care units and hospital floors searching for in-house strokes and cases not ascertained through screening logs. This ''hot pursuit'' surveillance method was supplemented by review of International Classification of Diseases, Ninth Revision, hospital discharge codes for stroke (430-438, excluding codes 433.x0, 434.x0 (x ¼ 1-9), 437.0, 437.2, 437.3, 437.4, 437.5, 437.7, 437.8, and 438).
Cases that screened positive for stroke were reviewed for eligibility criteria. For all eligible cases, data were abstracted and source documentation was copied. Study neurologists validated cases using the source documentation, blinded to the subject's age and ethnicity, on the basis of previously published criteria (22) . Source documentation used for validation included admission history, physical examinations, emergency room records, neurology consultations, and computed tomography/magnetic resonance imaging reports (19) . Computed tomography/magnetic resonance imaging reports were available for all patients to distinguish hemorrhagic stroke from ischemic stroke. Only cases of ischemic stroke were included. Ischemic stroke was defined as the acute onset (minutes to hours) of a focal neurologic deficit specifically attributable to a cerebral artery distribution that persisted for more than 24 hours (except in cases of sudden death or if the development of symptoms was interrupted by a surgical or interventional procedure) and was not attributable to another disease process (seizure, brain tumor, hypoglycemia, metabolic encephalopathy, or hysteria). We distinguished ischemic stroke from hemorrhagic stroke, as the diagnosis of intracerebral hemorrhage or subarachnoid hemorrhage required the clinical symptoms mentioned above and neuroimaging that demonstrated a spontaneous focal collection of blood in either the parenchyma/ventricle (intracerebral hemorrhage) or subarachnoid space (subarachnoid hemorrhage). Alternatively, subarachnoid hemorrhage could be diagnosed by cerebrospinal fluid examination criteria.
An out-of-hospital sampling frame was used to identify nonhospitalized stroke cases. A random sample of 47 of 167 primary care physicians, four of 11 nursing homes, and all 11 neurologists in Nueces County was obtained, and out-ofhospital stroke cases were ascertained from this sample. Out-of-hospital stroke cases were validated using the same methods as those used for inpatient stroke cases.
Interview methods
A random sample comprising two thirds of patients with validated cerebrovascular events was asked to participate in an in-person interview (response rate ¼ 84 percent) (23) . The interview contained questions regarding education. Patients unable to answer a series of orientation questions asked before the interview had a proxy interview conducted, in their presence whenever possible. Thirty-two percent (203 of 641) of the interviews were conducted with proxies. In 82 percent (n ¼ 167), the proxy subject was a spouse (28 percent) or child (54 percent) of the patient. Use of proxies did not differ by the gender or ethnicity of the cases. Interviews were performed in English or Spanish, depending on patient preference. cross-classified by age, gender, ethnicity, and education were obtained from Summary File 4, and data on neighborhood socioeconomic status indicators were obtained from Summary File 3. Data in Summary Files 3 and 4 are derived from the US Census long form. Census long-form data are based on a randomly selected stratified sample (an average of one in six households) weighted to obtain estimates of actual figures that would have been obtained from a complete count (24) . Because of confidentiality requirements, cross-classified population counts within census tracts are available only if there are at least 50 unweighted sample cases in the cell (24) . Because of this restriction, population counts for several cross-classified cells of age, gender, ethnicity, and education (see ''Statistical analysis'' section) nested within census tracts were not available for analysis (n ¼ 202 cross-classified cells) and were excluded from models including education.
Neighborhood scores
Census tracts were used as proxies for neighborhoods. Census tracts tend to include approximately 4,000-7,000 persons and to represent homogeneous groups in terms of social and economic factors (25) . We used six neighborhoodlevel census variables reflecting the domains of wealth/ income: 1) median annual household income; 2) median value of occupied housing units; 3) percentage of households receiving interest, dividend, or net rental income; 4) percentage of adults who completed high school; 5) percentage of adults who completed college; and 6) percentage of persons in managerial or professional occupations. A summary score was constructed from these six variables on the basis of previously published methods (26) . Data on median household income and the value of housing units were log-transformed because of skewed distributions prior to calculation of the summary score.
The summary score was constructed as follows. For each of the six census variables, a mean and standard deviation were calculated across census tracts. We estimated a Z score for each variable by subtracting the mean and dividing by the standard deviation for that variable. We then summed the Z scores for each variable to obtain a neighborhood score for the given census tract, with increasing scores representing increasing neighborhood advantage. Using the geocoded addresses for the stroke cases, we then linked neighborhood scores to stroke cases by census tract.
Statistical analysis
Because individual-level data were not available for nonstroke cases in the population, group-level data were analyzed using Poisson regression. Population counts from the census were used to represent the population at risk. We fitted a series of models to assess the association between neighborhood score and stroke risk. First, a Poisson regression model (model 1) was used to model the unadjusted association of neighborhood score and stroke risk at the census-tract level for a total of 64 census tracts in the study area. Neighborhood score was modeled continuously and as a series of dummy variables based on quartiles of the distribution, with the quartile representing the lowest score being used as the reference category.
Second, a Poisson regression model with a random intercept for each census tract (model 2) was used to model the association between neighborhood score (modeled continuously) and stroke risk, with adjustment for age, gender, and ethnicity. A multilevel model was fitted to cross-classified cells of age, gender, and ethnicity nested within census tracts (27) . Numbers of stroke cases and population counts were calculated for the cross-classified cells of age (45-59, 60-74, and 75 years), gender (male and female), and ethnicity (Mexican American and non-Hispanic White) within each census tract (768 cells nested within 64 tracts). In the first stage (level 1-cells nested within tracts), a separate regression was defined for each census tract as follows.
where Y ij is the number of stroke cases for the ith crossclassified cell in census tract j; age1 ij , age2 ij , gender ij , and ethnicity ij are cell-level dummy variables for the ith cell in the jth census tract; b 0j is the census tract-specific intercept; b 1j , b 2j , b 3j , and b 4j are the census tract-specific effects of cell-level variables; and n ij is the offset for each cell (the number of persons for the ith cross-classified cell in census tract j). In a second stage (level 2-census tracts), each of the regression coefficients defined in equation 1 was modeled as follows.
where c 00 is the common intercept across census tracts, c 01 is the fixed effect of neighborhood score, c 10 , . . ., c 40 are the common slopes associated with cell-level variables across census tracts, and U 0j , . . ., U 4j are the random effects associated with census tracts.
We expanded model 2 in order to investigate heterogeneity in the effect of neighborhood score by ethnicity, age, and gender. We did this by including a term for neighborhood score in each of the equations for the slopes (b 1j -b 4j ) one at a time.
Third, a Poisson regression model with a random intercept for each census tract (model 3) was used to model the association between neighborhood score (modeled continuously) and stroke risk with adjustment for age, gender, ethnicity, and education. Similar to model 2, the number of stroke cases and population counts were calculated for cross-classified cells of age (45-64 and 65 years), gender (male and female), ethnicity (Mexican American and nonHispanic White), and education (high school or more vs. less than high school) within each census tract (n ¼ 1,024). Population counts for this model were obtained from Summary File 4 because of the availability of education data Neighborhood Environment and Ischemic Stroke Risk 281 in this file as compared with the Summary File 1 data used for models 1 and 2. Age was modeled as a dummy variable representing persons aged 65 years or older, with persons aged 45-64 years used as the reference group, based on the availability of age and education data in Summary File 4. Models were fitted using the ''proc nlmixed'' function in SAS, version 9.1.3 (SAS Institute, Inc., Cary, North Carolina). For ease of interpretation, the effect of neighborhood score is summarized as the relative risk comparing the 90th percentile of neighborhood score with the 10th percentile.
Imputation of education data
Educational attainment data were obtained from in-person interviews with a random sample of the stroke cases. For the remaining cases, years of education were imputed. We employed a multiple imputation technique using the sequential regression imputation method described by Raghunathan et al. (28) , using software called IVEware (University of Michigan Survey Research Center, Ann Arbor, Michigan). Missing values for education were drawn from an appropriate distribution depending on the conditional relation of education to ethnicity, age, and gender. The procedure of drawing missing values for education was repeated five times. Because missing values were drawn from a distribution, there was a range of values imputed for each missing education data point, with the variation reflecting uncertainty about the education values. Each of the five complete data sets including imputed values for education was analyzed separately, and the results were combined.
This project was approved by the institutional review boards of the University of Michigan and all participating hospitals.
RESULTS
There were 2,984 validated cerebrovascular events during the study period. Of the 2,984 events, 2,727 were geocoded to the census tract level. The remaining 8.6 percent were geocoded to the zip code level and were excluded. Of the 2,727 census-level events, 1,581 were ischemic strokes. Only non-Hispanic Whites and Mexican Americans were included in this study because of small numbers for other race-ethnicity groups; this resulted in 1,468 events. For persons with multiple ischemic strokes, only the first ischemic stroke event was considered. Therefore, the final population for analysis was limited to one stroke per individual among non-Hispanic Whites and Mexican Americans, for a total of 1,336 stroke cases. Of these 1,336 cases, 13 patients were nonresidents of Nueces County and were excluded. Because we were interested in measuring exposure to neighborhood SES over the time period relevant to development of stroke, cases who were currently residing in a nursing home or assisted living facility (n ¼ 76) were also excluded. This left 1,247 stroke cases for the final analysis.
The median age of the cases was 72.7 years (interquartile range, 63.5-80.6). Mexican Americans comprised 55. Table 1 shows the distribution of the neighborhood summary scores and neighborhood characteristics used to construct the summary score. Neighborhood scores ranged from ÿ10.49 to 11.89 across the 64 census tracts. Figure 1 displays a map of Nueces County with shading based on quartiles of neighborhood score. Neighborhoods in the highest quartile as compared with the lowest quartile had a higher median household income ($55,501 vs. $19,622), a higher median percentage of residents with at least a high school education (92 percent vs. 49 percent), and a higher median percentage of residents in management, professional, or related occupations (46 percent vs. 13 percent). Among the cases, Mexican Americans had significantly lower neighborhood scores than non-Hispanic Whites, and age was significantly and positively associated with neighborhood score (table 2) .
Neighborhood score and stroke risk Table 3 shows results from the unadjusted and adjusted models of neighborhood score. In the unadjusted model (model 1), neighborhood score was significantly associated with stroke risk. The relative risk of stroke comparing the 90th percentile (8.07) of neighborhood score with the 10th percentile (ÿ7.95) was 0.49 (95 percent confidence interval (CI): 0.41, 0.58). In the model using quartiles of neighborhood score (data not shown), the relation between neighborhood score and stroke risk appeared to be graded, with no clear evidence of a threshold (quartile 4: relative risk (RR) ¼ 0.50, 95 percent CI: 0.43, 0.59; quartile 3: RR ¼ 0.66, 95 When effect modification terms were added to model 2 (table 4), there was no evidence of an ethnic difference in the association of neighborhood score with stroke risk (p for interaction ¼ 0.79). Significant effect modification was found for neighborhood score and age (for overall interaction, p < 0.001). The protective effect of neighborhood score was driven by the two youngest age categories (45-59 and 60-74 years). In the oldest age category (75 years), neighborhood score was positively related to stroke risk. Individual-level SES, neighborhood score, and stroke risk
Of the 1,247 stroke cases, we had data on educational attainment for 631 (50.6 percent). In this subset, the mean number of years of education was 9.8 (standard deviation (SD), 4.3). After imputation, the distributions of years of education were similar in the five imputed data sets (data set 1: mean ¼ 9.7 (SD, 4.1); data set 2: mean ¼ 9.6 (SD, 4.1); data set 3: mean ¼ 9.5 (SD, 4.2); data set 4: mean ¼ 9.7 (SD, 4.0); data set 5: mean ¼ 9.7 (SD, 4.2)).
Additional adjustment for education (model 3, table 3) resulted in no association of neighborhood score with stroke risk (RR ¼ 1.06, 95 percent CI: 0.81, 1.39). In this model, persons with a high school education were 2.4 times less likely to have a stroke than persons without a high school education (RR ¼ 0.42, 95 percent CI: 0.35, 0.50). Because we found significant effect modification for age and gender in model 2, we also stratified the data in model 3 by age and gender (table 4) . Similar to the results found in model 2, increasing neighborhood score was associated with a reduced risk of stroke in men but not in women (RR ¼ 0.77, 95 percent CI: 0.55, 1.07), although the association was not significant after adjustment for education. Also similar to model 2, the protective effect of neighborhood score on stroke risk was driven by the youngest age category. After adjustment for education, the relative risks of stroke comparing the 90th percentile of neighborhood score with the 10th percentile in the two age categories were 0.65 (95 percent CI: 0.41, 1.02) for ages 45-64 years and 1.28 (95 percent CI: 0.95, 1.73) for ages 65 years.
DISCUSSION
This study suggests that low neighborhood SES may influence ischemic stroke risk in certain subgroups of the population, including men and persons under 75 years of age. Few studies have investigated the association between SES and stroke, and fewer have considered area-based measures of deprivation (2) . Residing in disadvantaged neighborhoods has been associated with coronary heart disease (10) (11) (12) and subclinical cardiovascular disease in the United States (13) . The specific causal pathways that may explain the association between neighborhood-level SES and stroke are not clear but are probably similar to those hypothesized for cardiovascular disease (29) . Neighborhood economic conditions influence the availability of healthy food and safe recreational areas for exercise, access to health care, attitudes towards healthy behaviors, etc.; all of these factors may contribute to an increased prevalence of stroke risk factors such as hypertension, smoking, high cholesterol, and obesity. Indeed, there is social patterning of risk factors for stroke (9, 30, 31) . Thus, traditional risk factors may lie along a causal pathway between neighborhood socioeconomic characteristics and disease risk. This pathway may affect multiple health outcomes, including stroke and coronary heart disease. Hispanic Americans tend to live in more disadvantaged areas within the United States (16, 17) . In this population, neighborhood score was significantly lower among the Mexican American cases than among the non-Hispanic White cases. The effect of ethnicity on stroke risk was attenuated after adjustment for neighborhood score (RR ¼ 1.54 vs. RR ¼ 1.45), but it remained significant. This suggests that neighborhood disadvantage as measured in these analyses may contribute to the ethnic disparity in stroke risk but does not fully account for the difference. After adjustment for education, the effect of ethnicity was nullified, suggesting that individual-level SES may play a larger role in explaining ethnic differences in stroke. However, other risk factors, which may also differ by ethnicity, were not accounted for in the model. More research is needed to understand how neighborhood environment and SES affect ethnic differences in stroke risk.
In this analysis, we were not able to adjust for individuallevel stroke risk factors such as hypertension, diabetes, coronary artery disease, and atrial fibrillation, since data on these factors were not available for persons without stroke. This lack of adjustment may have resulted in residual confounding. On the other hand, these factors may also lie within the causal pathway linking neighborhood characteristics to stroke risk; hence, adjusting for these factors in estimating neighborhood effects may not be appropriate. Furthermore, individual-level socioeconomic characteristics were not available for the entire population, making adjustment for these factors problematic. Because individual-level SES has been shown to be a strong predictor of stroke (1), we attempted to adjust for education as a marker of SES using imputation. Although we employed multiple imputation methods to minimize bias, approximately 50 percent of the educational data was imputed, so results based on these data should be interpreted with caution. After adjustment for education, the pattern of increasing stroke risk with decreasing neighborhood advantage did not persist, suggesting that the unadjusted results were confounded. However, in stratified analyses, there was some evidence to suggest that associations may be present in men and in younger age categories. We have no explanation as to why these associations were only present in some subgroups. The hypothesis that low neighborhood SES may negatively influence stroke risk in some age and gender groups should be formally tested in analyses including data for individual-level SES factors, stroke risk factors, lifestyle factors, and area-level characteristics. If the relation of area characteristics to stroke risk in these groups holds true in further research, it will be important to investigate specific area attributes that contribute to the increased risk so that appropriate interventions can be developed to improve risk profiles.
The method employed in this analysis (multilevel analysis of cross-classified aggregate data) has not been used frequently in the study of neighborhood effects. The method is ideally suited to this area of research, because census data on neighborhood-level socioeconomic characteristics are readily available and are provided in aggregate to maintain confidentiality. The method offers the advantage of allowing investigators to model disease risk in relation to neighborhood characteristics using spatially aggregated data after adjusting for individual-level variables, even when detailed individual-level data on all study subjects are not available (27) . Should an association be confirmed, this method could be extended to investigate features of a neighborhood which predispose some people to stroke. Results for the associations between age, gender, and ethnicity and stroke risk employing this method were similar to those of previous reports (19, 32) based on individual-level data, lending support to the findings.
Some limitations of this study warrant discussion. Census tracts are indirect proxies for neighborhoods and may not reflect meaningful neighborhood boundaries or define features of a neighborhood that are relevant to stroke, making it difficult to draw inferences regarding causal relations. An additional limitation is that census tracts in Nueces County vary widely in size. Although we used 2000 US Census data and case ascertainment began in 2000, a temporal relation between neighborhood characteristics and stroke is difficult to establish. We do know that this is a stable community, with a median of 84 percent of persons per census tract having resided in the same county in 1995. However, it is not clear whether current residence is a good marker for residence during the period relevant to development of stroke.
Differences in case ascertainment across neighborhoods are possible. While the majority of stroke patients visit a hospital and our study identified these cases, some stroke patients seek medical care at out-of-hospital locations. We attempted to account for this by including out-of-hospital strokes identified from a random sample. However, because of the small number of out-of-hospital cases identified (n ¼ 29), we were not able to account for the sampling procedure in our analysis. We did analyze the distribution of neighborhood scores by case source (out-of-hospital vs. hospital) and found no differences in median score (p ¼ 0.40). We have also previously demonstrated that out-ofhospital stroke cases account for less than 6 percent of ischemic stroke cases in this community (19) . However, if out-of-hospital cases not identified in our sample varied by neighborhood SES, this would have introduced bias.
Nine percent (n ¼ 257) of addresses could not be geocoded to the census tract level and were excluded. If these cases were different from the remaining cases with regard to neighborhood SES, bias would have been introduced. After manual review of these 257 addresses, we found that 100 cases were not cases of ischemic stroke, four patients experienced another event and were included in our data with a successfully geocoded address, and seven addresses were for nursing homes. Thus, the number of true exclusions for address-related reasons was 153, limiting the bias introduced by this source.
We did not measure environmental factors-the availability of healthy food, safe recreational areas, access to health care, etc.-which may explain the observed association. It would be interesting to determine whether these environmental factors also differ between census tracts and what role they may play in the relation between neighborhood and stroke risk.
In summary, we found that low neighborhood socioeconomic status may influence stroke risk, especially among men and persons under age 75 years. In future research, investigators should test the hypothesis that neighborhood environment influences stroke risk with adjustment for individual-level SES and medical risk factors.
